X-ray diffraction microscopy (XDM) is well suited for nondestructive, high-resolution biological imaging, especially for thick samples, with the high penetration power of x rays and without limitations imposed by a lens. We developed nonvacuum, cryogenic (cryo-) XDM with hard x rays at 8 keV and report the first frozen-hydrated imaging by XDM. By preserving samples in amorphous ice, the risk of artifacts associated with dehydration or chemical fixation is avoided, ensuring the imaging condition closest to their natural state. The reconstruction shows internal structures of intact D. radiodurans bacteria in their natural contrast.
In many aspects of science, seeing produces understanding. To advance our knowledge of the inner workings of cells it is important to be able to see what is there before us. Among the many advanced biological imaging methods there is currently no method that can image intact a-fewmicron-thick samples in 3D, reaching the resolution of 10 nanometers (nm) or better, without the risk of structural artifacts. With such a method available, we may visualize the three-dimensional organization and interaction of subcellular organelles at the molecular level within an undisturbed, microns-size whole cell. The recently developed x-ray diffraction microscopy (XDM) has the potential to reach this goal [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The high penetration power of x rays allows probing thick samples without sectioning, while lens limitations, such as low efficiency or depth of focus, are no longer limiting factors to achieve highresolution 3D imaging.
XDM has been demonstrated in the past in proof-ofprinciple experiments with test samples [1, 2] , nanocrystals to investigate strain field or core structures [3] [4] [5] , biological samples [6] [7] [8] [9] , and deformation in a nanofoam [10] . The penetrating power of x rays allows XDM to probe thick samples that are not easily accessible by electron microscopy (EM), as demonstrated by x-ray microscopy based on Fresnel zone plates [12] [13] [14] [15] . Thus, extensive sample preparation involving staining and sectioning, as well as cutting artifacts, can be avoided. By replacing a physical lens with a computational algorithm, one can, in principle, overcome optical limits and reach the maximum resolution given by the sample, i.e., the largest scattering angle measurable. By eliminating the poor efficiency and frequency response of the lens, the required radiation dose and the risk of radiation damage are reduced.
Previous biological XDM experiments have demonstrated its capabilities by imaging intact whole cells or subcellular organelles at 20-40 nm resolution [6] [7] [8] [9] . So far, these experiments were conducted at room temperature with dried samples. Most biological samples are, however, highly aqueous and extremely sensitive to radiation damage. Therefore, in order to image them closest to their living state, frozen-hydrated imaging is necessary [16] [17] [18] [19] . By rapidly freezing samples from the hydrated state into amorphous ice, one can capture the instantaneous morphology of the sample for imaging. Furthermore, ice at the cryogenic temperature immobilizes molecular fragments resulting from the initial ionizing radiation, thus further damage, such as mass loss, can be avoided. Towards 10 nm resolution, the radiation dose is expected to be above 10 8 Gray (Gy), causing unavoidable radiation damage on hydrated samples, unless they are cryoprotected [20] [21] [22] .
We have developed nonvacuum cryo-XDM using hard x rays at 8 keV with a cryogenic gas-jet environment. By utilizing hard x rays, ''the thin sample approximation'' is valid for future 3D reconstructions through phasing a diffraction volume. Since a vacuum is not a requisite with hard x rays, the sample handling is facilitated with cryogenically cooled samples. Here, we report the first experimental demonstration of cryo-XDM for imaging intact, hydrated, and unstained biological samples. The 2D reconstruction of the frozen-hydrated D. radiodurans shows the cell's internal structures in natural contrast with a resolution of 30 to 50 nm.
XDM is an imaging method based on diffraction. When the diffracted wave field from a sample is known at the far field, the image reconstruction is straightforward by an inverse Fourier transformation. Experimentally, only the amplitude of the wave field is available as the phase is not measured. Sayre suggested that sampling the diffracted amplitude at the Nyquist frequency of the intensity pattern can encode phase information into the data [23] . Starting with such data, phase retrieval algorithms impose a priori known information as constraints iteratively to find a solution [24, 25] . However, the convergence of the phasing algorithm is strongly dependent on the quality of the diffraction pattern. The general procedure outlined above has been used very successfully with radiation-hard samples, but obtaining quality data from weakly scattering biological samples, especially in the frozen state, has been challenging [26, 27] . For successful imaging, one needs to
The American Physical Society preserve the samples in the amorphous ice state throughout sample handling and data collection [17] . Otherwise, crystalline ice formation destroys fine structures in the sample and the diffraction signal is contaminated by strong icecrystal scattering. The cryo-XDM developed here provides an efficient means of cryoprotection: by combining conventional plunge freezing of samples with data collection in the cryogenic-temperature gas environment, the risk of ice contamination is greatly reduced. The experimental details are summarized below. D. radiodurans was chosen as a sample since its structure draws scientific interest in understanding radiation resistance and its size is suitable for XDM, but too thick for EM without sectioning [28] . The bacteria were cultured in TGY medium at 30 C for 3 to 4 h in a shaking incubator, to select them during their exponential growth, and then dispersed into a water and glycerol solution (9:1 in volume) just before plunge freezing into liquid ethane. Glycerol was used as a cryoprotectant to ensure vitrification. Without the 10% glycerol, the plunge freezing usually produced crystalline ice, verified by powder diffraction patterns of the ice shown in Fig. 1(a) . This is due to the ice thickness, ranging roughly from 5 to 10 m which is too thick for a commercial plunge freezer to provide an efficient cooling rate. Replacing the plunge freezing with high pressure freezing would eliminate the need for the cryoprotectant in future experiments. The sample holders were commercially available nylon or kapton loops and the uniform water layer needed for XDM was obtained by surface tension without any supporting membrane. Before collecting coherent diffraction data, the ice quality was monitored by powder diffraction measurements to select vitrified samples as shown in Fig. 1(b) . Figure 1(c) shows the schematic data collection setup for cryo-XDM. Since the absorption in air of 8 keV x rays is small, a nonvacuum environment is implemented for easy sample handling and monitoring by employing a macromolecularcrystallography-type sample environment [29] : samples are maintained in the vitrified state during data collection by bathing them in a continuous cryogenic nitrogen gas jet at around À165 C, which isolates them from the surrounding warm air and prevents ice buildup. Sample positioning with respect to the beam and monitoring during data collection was done by a commercial on-axis visualization video microscope by MAATEL.
Coherent x-ray illumination on the sample is obtained by the combination of monochromator, mirrors, pinhole, and guard slits. After the silicon (111) monochromator and the higher-harmonics-rejecting mirrors, 8 keV x rays were spatially filtered by a 10 m square pinhole to illuminate the samples coherently. In order to increase the photon flux at the sample, beryllium compound refractive lenses were used at 28 m upstream from the pinhole resulting in a flux of about 10 9 photons per second through the 10 m pinhole. The unwanted airy pattern from the pinhole was blocked by secondary (guard) slits. Unfortunately, stray scattering from the guard slits was unavoidable and its effect on the diffraction data was noticeable when the samples were weakly scattering. The final diffraction data were collected on a charge-coupled device (CCD) with direct illumination and a pixel size of 22:5 m, situated 2.2 m downstream of the sample. Figure 2 (a) shows a full diffraction pattern measured from frozen-hydrated, unstained D. radiodurans. The estimated radiation dose is $3 Â 10 7 Gy and no signs of radiation damage were observed. As mentioned earlier, the scattering from the guard slits, shown as vertical and horizontal streaks, contaminated the data. To improve the convergence, the outer regions with streaks were masked out, but the contaminated central region could not be excluded since too much low-frequency data would be missing. To overcome this, a Butterworth-type high-pass filter was applied to the measured diffraction amplitude, ffiffi ffi I p , with the filter-cutoff frequency, f cutoff , at 35 pixels [at 4 Â Nyquist frequency, where the Nyquist frequency is ðsample dimensionÞ À1 ]. 
The phase retrieval of the diffraction pattern was carried out with the difference map with ¼ 0:9 [25] . A tight support was obtained by manually shrinking an initial support calculated from the autocorrelation of the sample. Since the support is manually adjusted, there is uncertainty of one or two pixels in the exact cell outline in some regions. The reconstruction shown at Fig. 2(b) was obtained by averaging the final reconstructions from 10 different random starts. The sample size is about 1:5 m, calculated from the speckle size and reconstruction. Close observation suggests that the optically denser areas (labeled as ''n'') might be the nucleoid regions of the bacteria while ''s'' points out what may be the septa dividing the whole cell. However, the authors feel that this classification will require further studies into 3D reconstruction to avoid the ambiguity from the 2D projection of subcellular organelles. The future direction of the project will target a 3D reconstruction of a diffraction volume obtained by a tilt series on the sample.
The resolution in the current reconstruction is estimated to be 30 to 50 nm where features down to 30 nm are visible with a good contrast in Figs. 2(b)-2(d) . The resolution measure based on the phase retrieval transfer function (PRTF [2, 7, 10] ) shows the resolution cutoff frequency extends to the corner of the diffraction array at 20 m À1 in Fig. 3 , which corresponds to a 25 nm spatial half-period. We estimate that the PRTF provides the lower limit of the resolution (30 nm pixel resolution), while the contrast blur due to the 2D projection and the uncertainty of the cell boundaries place the upper limit of the resolution at 50 nm.
Any modification to the measured diffraction data needs to be studied carefully to ensure the validity of the reconstruction. In this effort, we have imaged a ''known test sample'' to evaluate the effect of the filtering process. [30] . We conclude that since most of the sample's structural information is carried in the phases of the diffraction pattern, the high-pass filtering of the diffraction amplitude, up to 4 Â Nyquist frequency, has no or minimal effect on the quality of reconstruction while it improves convergence of the phasing algorithm in the case of noisy data [31] .
Experimental noise presents a challenging issue in XDM depending on the sample condition and may prevent convergence of the phasing algorithm. The current approach addresses a possible cause in the stagnation and demon- FIG. 3 (color online) . The PRTF for the frozen-hydrated D. radiodurans reconstruction. IðfÞ denotes the measured diffraction intensity and AðfÞ is the Fourier amplitude from the reconstruction. Since the reconstruction was obtained after applying a high-pass filter to the diffraction data, the PRTF was calculated with ð ffiffi ffi I p Þ filtered . The resolution cutoff frequency is determined where PRTF falls below 0.5 which extends to 20 m À1 in the current reconstruction. The first dip down to 0.2 at the low frequency (near the beamstop edge) corresponds to the uncertainty in the exact cell boundaries. strates an efficient method to overcome the problem. We believe that extended data analysis to handle noisy data combined with an effort to improve the data quality will expand the scope of XDM to a wider range of samples.
In summary, we have reported the first frozen-hydrated imaging by XDM in an effort to image biological samples as close as possible to their natural state. In this first demonstration we have achieved a 30 to 50 nm resolution but we believe that the technique can be refined to achieve the radiation damage limit of 10 nm estimated by Howells et al. [22] . This estimation of the damage limit is based on the natural x-ray contrast between unmodified biological material and water. Resolution of less than 10 nm is expected to be within reach by the use of labeling and contrast-enhancing strategies or by use of short x-ray pulse ''diffraction-before-destruction'' [32] schemes.
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